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Abstract 
Saline fluids at shallow depth (50 – 450 m) in the Armorican basement were investigated. Fluids with salinities 
ranging from 80 to 900 mg/L mix with modern shallow groundwaters containing anthropogenic solutes. The most 
saline fluids are deeper or more isolated from mixing. These fluids reveal Br/Cl and SO4/Cl ratios that are typically 
marine. This work establishes the migration and the preservation of a marine end-member in a basement aquifer, and 
may provide keys for the understanding of such fluid circulation. 
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1. Introduction 
Saline fluids in continental basement units were discovered during the 1980s in Canada [1]. They have 
been the subject of thorough investigations as several mines and nuclear repository research allow a deep 
access to fluid samples. Deep continental drilling programs and the development of nuclear repository 
sites worldwide showed during the next decades that such saline fluids could be recovered in crystalline 
basements in various places. It may be thought that such fluids are included in the porosity of the whole 
continental crust [2, 3]. 
Deep fluids in continental crust show that intensive water rock interaction processes have thoroughly 
modified their chemical composition, which makes the interpretation of their origin quite complex. 
Several studies have favoured a marine origin of these deep fluids. However, stable isotopes mainly show 
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meteoric signatures, although often intensively modified though water-rock interaction, which indicate 
that such fluids have undergone long and complex histories [4]. There is still a debate about the 
mechanisms and the timing of the fluid introduction in the continental rocks [5]. As an example, in the 
Canadian shield, both Pleistocene and Devonian ages have been proposed for the origin of the fluid 
introduction [6, 7].  
We have investigated moderately saline fluids [Cl ranges from 80 to 600 mg/L] in the Armorican 
basement in France. These fluids were recovered in various places at depth mainly ranging from 70 to 
150 m, i.e. at much shallower depths than the previous studies worldwide. A deep investigation well 
(Cinergy well, 750 m depth) also provided a deeper sample from fractured schists below a local 
sedimentary basin with a Cl content of 1240 mg/L. This study thus provides an interesting case of saline 
fluids in crystalline rocks in a shallow hydrogeological context. 
2. Geological and hydrogeological context 
Sample collection was carried out in 7 sites in the whole Armorican basement (Figure 1). Some of the 
sites are located in Hercynian granitic rocks, others are located in fractured Brioverian shists.  
These sites have varying degrees of 
geological and hydrogeological information 
available. Some of them have been the 
subject of thorough investigations whilst 
others were only investigated within the 
framework of this study. However, it appears 
that water flow is related to fractured zones at 
highly localized depths in the boreholes. Such 
fractures zones may correspond to opened 
fractures or to dyke emplacements. All the 
fluids were collected, as far as possible, in 
front of such structures. However, some 
investigated sites showed an increase of 
salinity with depth. It is thus thought that 
these fluids correspond to various degrees of 
mixing between deep saline fluids and 
modern surface waters. 
3. Results 
Chloride and bromide concentrations : The fluids collected in the Armorican basement represent a 
relatively large range of Br/Cl ratios. As observed in Fig. 2, this is mainly true for the less saline fluids. 
We have plotted on Fig. 2 the Br/Cl ratios measured at shallow depth in environmental monitoring sites. 
A very large range of either bromide enrichment or loss can be observed.  
However, with increasing salinity, the Br/Cl ratio converges towards a typical marine value. Mixing 
lines from various surface end-members have been drawn. They account for the Br/Cl variability of the 
less saline fluids and clearly show that seawater constitutes a realistic saline end-member.  
 
Sulphate concentrations and isotopic compositions: Sulphate was present in high concentrations in 
all the samples collected. All the concentrations are above the SO4/Cl marine ratio. There are indeed 
sulphides present in igneous or metamorphic rocks such as pyrite. Their dissolution however requires 
Fig. 1 : Location map 
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oxygen sources. Although nitrate may constitute electron donors in modern agricultural catchments [8], 
the oxidation mechanisms are much more limited in groundwaters that have not been anthropogenically 
influenced and which have low oxygen concentrations. As observed in Fig. 3, SO4/Cl ratios show a large 
range for the lowest Cl concentrations. Two groups appear, a first one with relatively high SO4/Cl ratios 
and another one with ratios closer to the marine ratio. The high ratios are probably influenced by shallow 
and modern groundwaters that may represent intensive reduced mineral dissolution whilst the more saline 
fluids have more homogeneous ratios that agree with a marine ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   Fig. 2 : Br/Cl ratio vs Cl concentrations                                   Fig. 3 : SO4/Cl ratios vs Cl concentrations 
 
The sulphate isotopic ratios have been previously investigated for some of these samples [8]. We 
present the sulphate isotopic ratios for the most saline samples. The δ34SSO4 is plotted against the δ18OSO4 
in Fig. 4 along with the ratios for several shallow regional aquifers indicate that surface samples have 
isotopic signatures that correspond to soil processes and anthropogenic fertilizers. Several aquifers show 
much lower values for both the δ34S and the δ18O. Sulphide δ34SSO4 usually show negative or close to zero 
isotopic ratios. The shallow aquifer samples are influenced by sulphide dissolution, as also supported by 
high sulphate concentrations. Conversely, the saline fluids define a trend that does not support sulphide 
dissolution. The most saline fluids on the contrary agree with a positive δ34SSO4 of + 24 ‰. Such value 
agrees with seawater isotopic ratios during various geological periods.  
 
Cation concentrations : Na concentrations are tightly correlated to Cl concentrations, which indicates 
a main meteoric/marine origin. On the other hand, several cations such as Ca2+, Rb2+, Sr2+, Ba2+ show 
significant concentrations which may indicate water-rock interactions. Geothermometric computations 
have been carried out. The silica-related geothermometers indicate paleotemperatures ranging from 45 to 
95 °C whilst the Na/K geothermometers provide values in the range 120 - 180°C. A difference between 
these two geothermometer families is quite usual. However, the relatively homogeneous temperatures 
provided by all the fluids seem a good indication of potential water-rock equilibrium. 
4. Discussion 
Aquifer samples have been collected at shallow depth [50-150 m except one sample at 450 m depth] in 
the Armorican basement. They show relatively high Cl concentrations ranging from 80 to 1250 mg/L. 
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Such concentrations are clearly out of the potential concentration range of the surface modern waters even 
integrating anthropogenic influences. 
These fluids allow a regional mixing process between modern waters and saline fluids to be defined. 
Modern waters from shallow aquifers (50 to 100 m) are anthropogenically influenced, although they do 
not represent the shallowest and most recent groundwaters from the weathered zone of the aquifers (0 to 
30 m below the soil surface) and do not show high nitrate concentrations. They show a large range of 
Br/Cl ratios that may be influenced by anthropogenic activities and also have high SO4/Cl ratios that 
indicate reduced sulphide dissolution. 
Deeper fluids or fluids collected in relatively confined sections of the fractured rocks show much 
higher salinities ranging from 300 to 1250 mg/L These fluids have much more homogeneous Br/Cl and 
SO4/Cl ratios which agree with a marine ratio. The marine ratio is also supported by sulphate isotopic 
ratios that clearly plot above the modern aquifers in a 18O-34S diagram and may represent a Paleozoic or 
Miocene marine signature. 
Although several cations indicate that a geochemical equilibrium with silicate minerals has been 
attained, these fluids show a relatively slight water interaction degree as compared to deep saline fluids 
elsewhere. This is interpreted as reflecting a relatively recent introduction of these fluids in the basement 
that allowed the marine signature to remain relatively preserved. 
This study demonstrates that a seawater end-member has been introduced in the Armorican basement. 
It is now present at relatively shallow depth and mixed with modern meteoric waters. These fluids have to 
be integrated in the geological regional history that will allow the potential fluid circulation mechanisms 
to be documented. 
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